We study a model where quintessence potential e −ξφ coupled to Higgs potential. We calculate the evolution of the quintessence, and track the running of the effective Higgs self coupling. We find it slightly larger than that of the standard model in the past. Requiring the electroweak vacuum to be absolutely stable in inflationary era, we find a lower bound ξ > 0.35 ± 0.05, where the uncertainty is mainly from the measurement of the top quark mass. This lower bound, together with the upper bound from the observation for dark energy ξ 0.6, narrows down the parameter space and makes it possible to test this model in the near future. Interestingly, the bound on ξ, if actually shown to be the case by observation, supports the recently proposed Swampland Conjecture.
Introduction The accelerated expansion of our universe may be the most important discovery in cosmology in the last 30 years [1, 2] . This requires that the energy density of the universe is dominated by some kind of dark energy with equation of motion w DE around −1. Currently whether the dark energy is a cosmological constant or a slow-rolling scalar field dubbed "quintessence" is still not clear, and more accurate observational data are expected. A small cosmological constant may be realized in Type IIB string theory by KKLT construction [3, 4] . A quintessence field is a scalar field φ minimally coupled to gravity with a relatively flat potential, and the slow-rolling φ can drive the universe to accelerate [5] [6] [7] . A typical quintessence potential of e −ξφ has been studied earlier in [5, [7] [8] [9] [10] [11] [12] [13] [14] [15] , and analyzed recently to constrain the parameter ξ by the recent observational data [16] [17] [18] [19] [20] [21] [22] .
There is also an accelerated expansion of the universe in the past, the primordial inflation [23] [24] [25] [26] [27] . During inflation, the Hubble parameter H inf is nearly a constant of order ∼ 10 13 GeV, and any scalar field whose mass is smaller than H inf will have quantum fluctuations of order H inf . The rapidly expanding universe can bring the quantum fluctuations generated deep inside the Hubble horizon to cosmological scales, which seeds as the initial condition for the primordial scalar and tensor perturbations we need to explain the cosmic microwave background anisotropy and the large scale structure today [28, 29] .
The only scalar field we have observed in Nature is the Higgs boson [30, 31] . The self coupling of Higgs boson receives quantum corrections from itself and the other standard model (SM) particles [32] [33] [34] . According to the best-fit observational data of the Higgs boson mass [35] and the top quark mass [36] , the Higgs self coupling would become negative at an energy scale around Λ ins ∼ 10 11 GeV, with absolute stable electroweak (EW) vacuum excluded at 99% confidence level (CL). This may raise a serious problem during inflation since the quantum fluctuations of the Higgs boson becomes very large to render the probability of ending up in the true vacuum substantially high, which means our universe is a real miracle.
Here in this paper, we study a recently proposed model of quintessence φ which coupled to the Higgs boson
where
, v is the Higgs vacuum expectation value (VEV), ξ is a coupling constant, Λ is the current effective cosmological constant, and we set the value of the present quintessence field φ 0 to be 0 for convenience. It can pass the test of equivalence principle according to the discussions in [37] , and it is difficult to be detected in collider experiments since the interactions are suppressed by the Planck mass. Here in this paper our main concern is the Higgs instability during inflation. We compute the correction to the Higgs self coupling λ from the evolution of the dilaton-like coefficient back in time e −ξφ up to the inflation era, and consider the condition on ξ for the Higgs stability. Requiring that the Higgs potential to be absolutely stable during inflation, we obtain a lower bound of ξ. We find it it detectable in the near future.
Higgs instability The running of the Higgs self coupling is determined by the renormalization group equation (RGE), 16 + 3g
where y t is the top quark Yukawa coupling, g 1 and g 2 are the gauge couplings of SU(2) L and U(1) Y , respectively. The top Yukawa coupling −3y current best-fit data for the Higgs boson mass [35] and the top quark mass [36] indicates that the self coupling becomes negative above an instability scale at around Λ ins ∼ 10 11 GeV. Since the lifetime of the metastable EW vacuum is much longer than the age of our universe, we do not have to worry about the doomsday of our current universe. However, during inflation, the quantum fluctuation of Higgs boson is of order H inf , and our patch of the universe will be kicked out to the true vacuum with negative energy density just in one e-fold. There are many papers discussing this issue [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] , including introducing some heavy scalar, or requiring a high reheating temperature, to save our universe from the instability. Here we try to solve this problem in the framework of the quintessence-Higgs coupling (1).
In this model, the quintessence couples to the Higgs sector and effectively changes its self coupling as λ = λe −ξφ , while leaving the other SM interactions intact. At present the Higgs sector is the same as the standard model. However, in the early universe, the quintessence φ would have had a larger negative value, which would enhance the value of the Higgs self coupling. To discuss the Higgs stability at high energy scales, when h v, we define the effective potential as
where the renormalization scale µ is set to be h. λ eff (h) can be written as
Where λ (h) is the value of λ at the renormalization scale µ = h. It is derived from the RGE running of λ with the initial value λ (v) ≡ λ(v)e −ξφ . And
where γ is the anomalous dimension of the Higgs field. λ (1) (h), λ (2) (h) are the one-loop and two-loop corrections of λ eff (h), respectively. In our calculation, we only count the effects from y t , g 1 , g 2 , g 3 and λ, and the Higgs mass and top mass are fixed to be 125 GeV and 173.34 GeV, respectively. The initial value of these parameters is set to be y t (m t ) = 0.937, g 1 (m t ) = 0.358, g 2 (m t ) = 0.648, g 3 (m t ) = 1.167, and λ(m t ) = 0.126 [57] .
In Figure 1 we plot the RGE running of λ eff at two loops including the running of the three gauge couplings and the top quark Yukawa coupling for different values of e −ξφ . Note that here we ignore the interactions between φ and Higgs because it is suppressed by Planck scale. It clearly shows when e −ξφ 1.08, the electroweak vacuum becomes absolutely stable. This increase of the self coupling by the quintessence factor e −ξφ seems easy to realize in the early universe since φ runs from a negative value. The key point is how large this enhancement could be when we trace back the evolution of quintessence to The gray solid, blue dashed, and red dotted curves represents e −ξφ = 1.0, 1.08, and 1.17, respectively. When φ during inflation is fixed as is shown in (7), the curves correspond to ξ = 0, 0.35, and 0.5, respectively. the era of inflation, and what range of ξ can make the EW vacuum absolutely stable during inflation.
Evolution of Quintessence Now we study the evolution of the quintessence field φ in the model (1) from the era of inflation until today. The Friedmann equation and the equation of motion for φ are
where Ω γ0 , Ω m0 , and Ω Λ0 are the energy density of the radiation, non-relativistic matter, and dark energy at present, normalized by the current critical density
. A full analysis of this set of differential equations in the normal quintessence model with potential e −ξφ can be found in [5, [13] [14] [15] . The evolution of this quintessence field may be described by an attractor solution, which is slow-roll in the dark energy dominated universe, and ultra-slow-roll in the universe dominated by matter or radiation. We can justify it after solving (6) under this assumption. To take into account the contribution of the Higgs potential, we approximate it by a step function which jumps from Ω Λ0 to λv 4 /ρ cr at the EW symmetry breaking scale T EW 100GeV as one goes back in time. The value of φ in the very early universe, i.e., at times well before the EW phase transition, is found to be given by
where g s * (EW ) 85.5 is the effective radiation degrees of freedom at the EW scale [58, 59] . The leading order term is from the recent dark energy dominated universe. Its main correction from the early universe comes from near the EW phase transition, while all the other contributions are highly suppressed like z −3/2 eq thus completely negligible. This φ should be understood as the initial condition of the quintessence field during inflation. During inflation, (7) contributes to the effective Higgs self coupling, which may prevent it from being negative and make it absolutely stable as is discussed earlier. Referring to our result (7), we know the EW vacuum will be absolutely stable if e −ξφ > 1.08 ± 0.02. Comparing this with the initial value of e ξφ given by (7), we find that if ξ satisfies
the electroweak vacuum will be absolutely stable before the energy scale reaches M Pl , especially during inflation. The uncertainty in (8) originates from that of the measurement of the top quark mass, and we have used
21 from the Planck 2018 data [60] . This result is robust in the sense that it is independent of the physics of the early universe, and relies only on the recent expansion history after matter-radiation equality.
Conclusion According to the quantum corrections from all the SM particles, especially from the top quark, the Higgs self coupling becomes negative at around Λ ins ∼ 10 11 GeV. The Higgs instability is a serious problem during the inflationary era in the early universe, since the quantum fluctuations of the Higgs boson could have easily exceeded the instability scale. We find that in the recently proposed quintessence model where the quintessence field φ is coupled to Higgs boson as e −ξφ (V (H) + Λ), this problem can be solved. This is because the evolution of φ can make e −ξφ slightly larger in the early universe, which can contribute to the effective Higgs self coupling. By requiring that the Higgs EW vacuum is absolutely stable during inflation, we derive a lower bound ξ 0.35 from the current observational data of dark energy density, matter density, the Higgs mass, the Higgs VEV, and the top quark mass, which is independent of the other parameters and of the physics in the early universe such as phase transitions and inflation.
The lower bound for ξ, together with the upper bound recently obtained by the observational constraints in [16, 17, 19, 20] , ξ 0.6 at 2σ CL, sets a testable parameter space for the model (1). With Stage-4 surveys such as DESI, LSST, Euclid [61] [62] [63] [64] , it is possible to constrain ξ up to O(0.1) within a decade or so. This means that whether the model (1) can solve the Higgs instability problem could be tested in the near future.
Recently, the "Swampland Conjecture" is proposed [65, 66] , which states that all the scalar fields consistent with quantum gravity should satisfy |∇V | > cV , with c being an O(1) constant. In the current model (1), we have |∇V | ξV . Thus the Swampland Conjecture implies ξ > c. For recent discussions on the Swampland Conjecture and its applications to cosmology, see [16] [17] [18] [19] [20] [21] [22] . Very interestingly, our result (8) ξ 0.35 implies that the Higgs stability and the Swampland Conjecture are satisfied at the same time if c 0.35. Apparently if the Swampland Conjecture is to be satisfied, it should be so during inflation as well. The Swampland Conjecture for inflation has been discussed in several recent papers, including the cases of multi-filed inflation [72] , the curvaton scenario [75] , k-inflation [88] , a non-Bunch-Davies vacua [93] , and warm inflation [96] . It is therefore not only interesting but also important to see if there exists any consistent model of inflation that smoothly matches to the model considered here. We will leave this issue for future studies.
